The demand for fresh water is increasing progressively for the use of the community and during crop production. An experiment was conducted to investigate the effect of low water input (LWI) on soil health, and crop yield. Soil chemical properties, physiological and yield parameters of rice plants which were grown under different water input treatments were examined. The treatments were as W1 (control; 5 cm flooding), W2 (1 cm flooding), W3 (saturated condition) and W4 (field capacity). Treatments were arranged according to the completely randomized design with five replications. The result revealed that LWI (e.g. saturation and 1 cm flooding) did not affect phytoavailability of nutrients in soil compared to the control. However, concentrations of nutrients such as nitrogen calcium, potassium, magnesium, cupper and manganese decreased with increasing plant age regardless of treatments except for phosphorus, zinc and iron. The redox potential (Eh) decreased significantly in control treatment than low water input condition. The soil pH showed moderately acidic to near neutral whilst the soil electrical conductivity (EC) remained same. The W4 treatment significantly reduced relative water content (RWC), light-and gas exchange-related parameters, yield parameters, harvest index (HI) and water use efficiency (WUE) compared to the LWI and control. This study suggests that low water input sustains rice production without affecting the soil health, physiological and yield parameters of rice plants. 
Introduction
Rice cultivation takes ample of fresh water to provide food security to billions of people. A recent scenario shows that diets shifting from starch-based to meat and dairy products requires a higher amount of fresh water over the past 30 years and is likely to be continued (FAO, 2006) . On average, for producing 1 kg of rice, 1 kg of beef and a cup of coffee need 3,500, 15,000, and 140 L of water, respectively (Hoekstra and Chapagain, 2008) . Agriculture accounts about 70% of global freshwater withdrawals. Reducing about 10% of water used for world's rice production could free up to 100 cubic kilometers of water to be provided for a half to a quarter of the world's population (Bouman, 2012) . In addition, population growth results in food demand about 50% and declined water availability in many regions (Bruinsma, 2009) . It is, therefore, important to focus on the innovative water use for sustainable rice production. The hydrological-cycle changes increase water scarcity (Goudie, 2006) , which become an ever-increasing problem in the modern agriculture. Drought controls precipitation and leads the inconsistency water resources worldwide (Oki et al., 2006) . In Asia, irrigated rice accounts 50% of the total freshwater used (IRRI, 2001) . Low water input in the rice production did not affect rice yield but saved approximately ¼ of fresh water used in traditional irrigation system (Sarwar and Khanif, 2005a; Khairi et al., 2015) . In Malaysia, the current annual water demand increases at 4%, which will requisite about 20 billion m 3 by 2020 but current rice production covers only 70% of the country's demand (Keizrul and Azuhan, 1998; Ariffin, 1998) . Therefore, low water input and sustainable rice production without affecting soil and plant parameters is under pressure. The concentration of water-soluble Fe (II) increased in the flooded soil due to reduction to Fe (II). Soil pH affects and controls Fe and Mn concentration in the flooded rice soil (Ponnamperuma et al., 1973) . The redox potential (Eh) of flooded rice soil is low and NO , and S 2− (Fan et al., 2008) . The flooding condition increases the availability of phosphorus (Gupta et al., 2007 , Jahan, 2016 and controls soil pH, chemical equilibrium and induce the phytoavailability of plant nutrients (Morales et al., 2011; Jahan, 2016) . The influences of flooding on physical, chemical and electrochemical properties of the soil were comprehensively documented and reviewed (Narteh and Sahrawat, 1999; De Datta, 1981) . Flooded triggers oxygen reduction in flooded soil that causes anaerobiosis (Narteh and Sahrawat, 1999) that decreases Eh to about -200 mV compared to the top soil which remains relatively oxidized to a value of about +300 mV (Ponnamperuma, 1972) . On the other hand, the availability of free water improves phytoavailability and accessibility of nutrients (Sarwar et al., 2004 ) through diffusion and mass flow to the plant roots (Ponnamperuma, 1984) .
Rice plants sensitive to the drought condition and incompetent to regulate transpirational functions (Bois et al., 1985) . Low water reduces tissue water potential (Kato et al., 2004) and net photosynthesis rate Inani et al., 2015) . Glutathione, an antioxidant, enhanced chlorophyll pigment that works well in photosystem II , and increases the net photosynthesis rate and relative water content of leaves of corn plants (Syuhada et al., 2016; Munirah et al., 2015a) . The quantum yield (Fv/Fm ratio) in PSII shows the efficiency of light function that controls the chlorophyll content in corn plants . Sheela and Alexander (1996) stated that water stress limits chlorophyll contents in leaves of rice plants. Other researchers reported that drought stress reduced chlorophyll content, the photosynthetic units in Zea mays (Randall et al., 1977) and rice plants . These results indicate that the loss of chlorophyll is a fundamental basis of disrupting of the photosynthesis rate in plants ( Kura-Hotta et al., 1987) to affect rice production.
To date, many types of researches have been conducted to find out the way to reduce water input in rice cultivation but attention yet to be paid on the effects of low water input on phytoavailability of nutrients in soil concerning to physiological properties of the rice plants. The rice production, therefore, depends on the innovation and practices that will ensure low water input but sustainable rice production.
Result

Effects of different water inputs on phytoavailability of macronutrients
Different water inputs did not affect ammonium (NH 4 + ) concentrations except at 3 rd and 5 th week under which W4 treatment significantly reduced NH 4 + concentration than other treatments (Fig. 1a) . The concentrations of NH 4 + increased after flooding then decreased gradually with time and irrespective of the application of urea and compound fertilizers (Fig. 1a) . The concentrations of phosphorus (P) dropped for the first few weeks followed by increment for the following weeks under different water input conditions (Fig.  1b) . But when P concentrations were compared among treatments, W4 treatment showed lower concentration than others. The K concentrations increased after flooding then a rapid declined from 5 th to 7 th week then remained unchanged for subsequent weeks (Fig. 1c) . Moreover, W4 treatment significantly reduced K concentrations in the soil solution after flooding compared to other treatments (Fig. 1c) . Calcium (Ca) contents decreased after flooding then remained unchanged for the following weeks (Fig. 1d) . Phytoavailability of Mg was similar to the Ca concentration. But Mg concentration was higher than that of Ca concentration in soil (Fig. 1e) . This result showed that low water input did not affect phytoavailability of macronutrients in the soil solution.
Effects of different water inputs on phytoavailability of micronutrients
Zinc (Zn) concentration remains unchanged up to 7 th week then increased under all conditions (Fig. 2a) . But W4 treatment lessened the concentrations of Zn than other treatments. Copper (Cu) concentration, on the other hand, declined gradually with increasing time (Fig. 2b) . However different water inputs did not affect Cu concentration. Iron (Fe) concentration gradually increased with increasing time until the ripening stage (Fig. 2c) (Ponnamporuma, 1977) . The result was consistent with this study where application of water influences Fe contents in soil. Manganese (Mn) concentration increased after submergence then gradually declined to a stable level after 7 th week (Fig. 2d) . Different water inputs showed similar effects on Mn contents in the soil extract. These results suggest that low water inputs do not affect phytoavailability of micronutrients in soil solution.
Effects of different water levels on redox potential, soil pH and EC
After flooding, the soil redox potential (Eh) decreased rapidly according to the flooding depths and duration (Fig. 3a) . The Eh value showed more negative and significantly lower in the soil under W1 treatments than that of other treatments. The soil Eh value in W3 and W4 persisted positively higher than that of W1 and W2 treatments (Fig. 3a) . In this relation, W1 treatment accounted redox value lower than -150 mV whereas W3 and W4 showed higher than 0 mV throughout the rice growing period. At the flowering stage, Eh value positively increased due to application of 5 cm flooding water. These results suggest that control treatment (W1) turned soil to reduced condition than low water inputs (W2 and W3). However, different treatments did not affect soil pH and soil electrical conductivity over the rice-growing period (data not shown). The soil pH was found to be moderately acidic to the near neutral (soil pH: 6.0 to 6.5).
Effect of different water inputs on chlorophyll and light-related parameters
The W4 treatment significantly reduced chlorophyll content (P < 0.032) in leaves of the rice plants compared to other treatments (Fig. 4a) . Similarly, W4 treatment significantly affected Chlorophyll fluorescence parameters (P < 0.021; F0: minimal fluorescence, Fm: maximal fluorescence and Fv / Fm: quantum yields in photosysthem II; (Fig. 4b ). This study confirmed that LWI did not affect Chlorophyll content and Chlorophyll fluorescence ( Fig. 4a and 4b ) and showed similar compared to the control treatment but significantly higher than W4 treatment.
The data of the photochemical fluorescence quenching (qp and ql) showed similar but non-photochemical quenching (qn and NPQ) showed significantly different under different treatments ( Fig. 4c and 4d , respectively). W1 treatment significantly increased but W4 treatment significantly decreased qn and NPQ value than other treatments. Whilst, W2 and W3 treatments showed similar results of qn and NPQ values but higher than W4 treatment. The yield of non-regulated energy dissipation of PSII [Y(NO)] under W4 treatment was 0.44 which was significantly higher than the value of 0.33 under W1 treatment (Fig. 4e) . In contrast, W1, W2 and W3 treatments showed no effect on Y(NO), in rice plants. W4 treatment significantly reduced efficient quantum yield of PSII {Y(II)} and yield of regulated energy dissipation of PSII {Y(NPQ)} than other treatments (Fig. 4e) . The decreased value of Y(II) in plants might be a cause of a reduction of the quantum yield (Fig. 4b) . These results suggest that low water inputs did not impair chlorophyll and light-related parameters of the rice plants.
Effect of different water inputs on RWC, gas exchange and leaf temperature
Different treatments significantly affected relative water content (RWC) in leaves of rice plants (Fig. 5a ). The W4 treatment significantly reduced RWC compared to other treatments. This study also confirmed that W4 treatment affected RWC in leaves of the rice plants but LWI showed similar to the control. The int_CO 2 in leaves of rice plants under W4 treatments showed significantly lower than that of plants under other treatments (Fig. 5b) . Similar to RWC, LWI did not affect int_CO 2 compared to the control treatment. The treatment of W4 significantly increased leaf temperature compared to other treatments (Fig. 5c ). In addition, W3 treatment significant increased but W2 insignificantly different leaf temperature to the control treatment. This result revealed that the plants under LWI condition assimilated similar CO 2 to the control as well as leaf temperature.
Effects of low water inputs on yield and yield parameters
Different water inputs significantly affected tiller and panicle numbers of the rice plants (Fig. 6a) . The W4 treatment significantly reduced tiller and panicle numbers compared to other treatments. But, low water input did not affect tiller numbers compare to the control treatment. Plants suffer for the water stress that reduce filled grains and yield due to the dry condition of soil in treatment W4 (Fig. 6b) . In contrast, LWI did not affect grain production and yield as compared to the control. Harvest index (HI) significantly reduced under W4 treatment compared to low water input, which showed similar to the control treatment (Fig. 6c) . Water use efficiency (WUE) under low water input (W2 and W3) showed significantly higher than W1 and W4 treatments (Fig. 6c) . This result suggests that low water input did not affect WUE of the rice plants.
Discussion
In Asia, agricultural development for several decades has focused on increasing of staple foods, e.g. rice, to eliminate food shortages. Technologies based on chemical fertilizers and high-yielding varieties have been successfully achieved. Beside on rapid industrial development, it still has to develop some alternative practices to reduce water input in rice cultivation for sustainable rice production.
Chemical properties of the soil
Nutrient availability in flooded soils is quite different from the non-flooded soil. Nitrate quickly denitrified in flooding soil (Ponnamperuma, 1972) and NH 4 -N is the largest source of the nitrogen for field crops (Godshalk and Wetzel, 1978) . The amount of N accumulation in plants increased at vegetative stage but declined at ripening stage (Ishizuka, 1965; Yoshida, 1981) . This finding supported this study that the phytoavailability of N in the soil solution was higher at early stage of rice plant and gradually decreases with increasing plant age (Fig. 1a) . This result indicates that rice plants accumulated higher level of N at the vegetative stage, which was consistent with Jahan et al. (2012 (Patrick and Mahapatra, 1968) . In soil extract, the P concentration increased after flooding (Fig. 1b) . These results support that temporary flooding increases P availability in soil and consistent with previous studies (Ishizuka, 1965; Thiyagarajan and Selvaraju, 2001; Sarwar et al., 2004) . These results suggest that P availability is higher in flooded soil than that of upland soil. Potassium is displaced by Fe 2+ and NH 4 + from exchange sites of the soil colloid in flooded soil (Ponnamperuma, 1972; De Datta and Mikkelsen, 1985) . This leads to decrease K contents in flooded soil due to fixation, because, the plant-available K declines after the flooding of dry soil (Olk et al., 1995) which is consistent with Figure 1c and Ishizuka (1965) that K decreased gradually according to the growth of the rice plant. Figure 2c indicates that Fe 2+ concentration gradually increased in the soil solution with increasing time until the ripening stage, which is consistent with results that the iron content in the soil was 300 mg/L after submergence (Yoshida, 1981; Ponnamperuma et al., 1973) . The phytoavailability of Zn in the soil solution was similar to Fe. The concentration of Cu, and Mn decreased in the soil solution with increasing plant age. It is suggested that LWI did not affect phytoavailability of nutrients in contrast with the control in the soil solution (Sarwar and Khanif, 2005c) .
Redox potential is a measure of oxidation-reduction status of the flooded soil. The redox potential has to be essentially below -150 mV to initiate CH 4 production (Connell and Patrick, 1969) . The result (Fig. 3a) revealed that the redox value was lower then -250 mV under control treatment but about -150 mV was under LWI condition, which is consistent with Hou et al. (2000) . These results suggest that redox value strongly depends on the depth and duration of the standing water. In addition, LWI increased redox value, which might hinder CH 4 productions according to Yu et al. (2001) and might enhance photosynthesis rate (Kim et al., 1999) . Redox potential value about -150 mV under LWI indicates less possibility to induce methane gas according to Neue (1997) . In addition, traditional flooding may reduce net photosynthesis activity due strongly reduced soil (Kim et al., 1999) . Flooded rice fields are considered one of the most important sources of atmospheric CH 4 enrichment. Significant CH 4 formation in soils occurs when soil Eh declines below -150 mV (Connell and Patrick, 1969; Wang et al., 1993; Cicerone and Oremland, 1988) .
Light, gas and physiological parameters of rice plants
Chlorophyll is the green pigment common to all photosynthetic cells by which phosphorylation process absorbs light energy to the chemical energy (Barber, 2006) . This study confirmed that LWI did not affect Chl content and Chl fluorescence (Fig. 4a and 4b ) and showed similar qn and NPQ; (Fig 4d) compared to the control treatment but significantly higher than W4 treatment. The light energy might be regulated by NPQ (Foyer and Harbinson, 1999) . NPQ is a prominent prophylactic protection strategy for the light reaction of the photosynthetic electron pathway. In the light-harvesting complexes, NPQ scatters additional excitation energy by using xanthophylls and absorbance cross-section of the photosystems (Bailey et al., 2005) . In addition, NPQ and photosynthesis showed a positive (Schubert et al., 2006) . Therefore, rice plants under W4 treatment accumulated lower quantity of Y(II), and Y(NPQ) but higher quantity of Y(NO) than other treatments (Fig. 4e) . These results are related to the fact that water stress condition affects light energy and reduced the qn and NPQ in rice plants (Fig 4d) which is related to the photosynthesis (Müller et al., 2004) and Chl-regulated glutathione biosynthesis in plants . Therefore, this result recommends that LWI regulates Chl and light related parameters of rice plant similar to the control condition. Several researches indicated that the soil amendments (Chelah et al., 2011) , micronutrients (Inani et al., 2015; Munirah et al., 2015a; Syuhada et al., 2014) , water stress (Jahan et al., 2013a and b; Khairi et al., 2015) , glutathione (Munirah et al., 2015b; Syuhada et al., 2016) affects the RWC of leaves of the plants. This study also confirmed that W4 treatment affected RWC content in leaves of the rice plants (Fig. 5a ) but LWI showed similar to the control. Therefore, LWI did not affect RWC and might not photosynthesis rate (Kura-Hotta et al., 1987) . This result was consistent with this study that the plants under LWI condition assimilated similar int_CO 2 to the control (Fig. 5b) as well as leaf temperature (Fig. 5c ). Because water stress enhanced stomatal closure (Okuma et al., 2011; Jahan et al., 2008) , which reduced the transpirational water loss (Vandeleur et al., 2009 ) and tissue water potential in plants (Kato et al., 2004) . This result indicates that LWI might not affect stomatal aperture and tissue water content therefore leaves of rice plants keep similar temperature to the control condition (Fig.  5c ). Taken together, LWI did not affect RWC and gas exchange through the leaf of rice plants and maintained normal growth and development.
Yield and yield components of rice plants
Rice grows in a wide range of water conditions, soil types and climates. A conventional flooded system used in Malaysia that leads using a larger amount of fresh water Jahan, 2016) . Different water inputs significantly affected tiller and panicle numbers of the rice plants (Fig. 6a) . Plants suffer for the water stress that reduce filled grains and yield due to the dry condition of soil in treatment W4 (Fig. 6b) . In contrast, LWI did not affect grain production and yield as compared to the control (Fig. 6b) . These results were supported by the previous results (Sariam et al., 2002; Sarwar et al., 2004 ) that saturated to 1 cm flooding did not affect vegetative growth, grain yield, root length and root weight of rice plants. In addition, harvest index did not declined in W3 treatment (Fig. 6c) . But W4 treatment significantly reduces HI and might affects nutritional accumulation in grains (Singh and Bhattacharyya, 1989) . However the water use efficiency increased in W3 treatment was significantly higher than other treatments due to efficient use of fresh water for the rice cultivation. These results indicated that LWI did not affect yield and yield parameters of rice plants.
Conclusion
Previous findings from water saving system showed that the soils are exposed to longer drying condition that possibly imbalance nutrients in soil. However, in this low water input techniques, where the soils are exposed to saturation to 1 cm flooding, maintain phytoavailability of nutrients in soil. Moreover, low water inputs performed similar to the control, which did not impair plant physiological and yield parameters of rice. Hence, it could be concluded that low water input treatment sustain rice production without interfering soil health and environment. This result is particularly suitable for the Malaysian condition but the intense justification of nutrients interaction, genes up-regulation and antioxidant activities in rice plants will be needed for further documentation for the effectiveness of low water input for sustainable rice production.
Materials and Methods
Plant Materials
Two pre-germinated seeds of MR219 of the Malaysian rice variety were sowed in each pot.
Experimental design and water management
An experiment was conducted under a rain shelter of the research farm of Universiti Sultan Zainal Abidin, Malaysia. So, the rainwater was considered as zero (0) and water needed for land preparation was not considered. Rice plants were cultivated in a pot measuring 30 cm diameter x 40 cm height placed under the rain shelter. Pots were filled with soil brought from KETARA rice research area at Besut, Terengganu leaving 5 cm free from the top of the pot. Two holes were made in the body of pots; one at 0 cm and the other at 1 cm above the soil level. There were four treatments, namely, W1 (control treatment; continuously flooding at 5 cm above ground), W2 (continuously flooding at 1 cm above ground), W3 (continuously saturated condition) and W4 (water was applied at 5 cm depth when soil moisture declined to the field capacity) were arranged according to the completely randomize design with five replications. An ECHO soil moisture sensor placed in the soil to determine the field capacity of the soil. During flowering stage, 5 cm flooding water was maintained to initiate pollination and at the ripening stage, all pots were kept without standing water to hasten ripening rate.
Fertilizer application
Urea fertilizers (N at 110 kg ha -1 ) with three splits, triple super phosphate (P 2 O 5 at 60 kg ha -1 ) and muriate of potash (K 2 O at 60 kg ha -1 ) as basal, were applied according to Jahan (2004) . Compound fertilizer (12: 12: 15) at 250 kg ha -1 was applied at 50 and 75 days after sowing as stated by Jahan (2016) .
Determination of nutrients in soil extracts, soil redox potential, soil pH and electrical conductivity
A PVC tube fixed with a porous ceramic cup was inserted into the soil and soil extracts were collected at different weeks during rice cultivation and then analysed for nutrients (N, P, K, Ca, Mg, Zn, Cu, Fe and Mn) using atomic absorption spectrophotometer and auto analyzer A portable Mettler Toledo pH meter attached to a redox and a pH electrode was used to measure the soil redox potential (Eh) and the soil pH (Sarwar and Khanif, 2005b) . The electrical conductivity (EC) was measured using a direct soil EC meter . Electrodes were calibrated before use. Five replicates were maintained for each parameter.
Measurement of Chl content and Chl fluorescence
Chlorophyll content was measured using SPAD meter as per Khairi et al. (2015) . Chlorophyll fluorescence (minimal and maximal fluorescence), quantum yield (Fv / Fm), coefficients of photochemical fluorescence quenching (qp and ql), parameters of non-photochemical quenching (qn and NPQ), the yield of non-regulated energy dissipation of PSII [Y(NO)], the value of the efficient quantum yield of PSII {Y(II)} and yield of regulated energy dissipation of PSII {Y(NPQ)} were quantified by using a portable JUNIOR PAM fluorometer (Walz, Germany) as described in the manual JUNIOR PAM fluorometer attached with a WinControl3 PAM software. Five replicates were maintained for each parameter.
Measurement of relative water content, light-and photochemical-related parameters
The fresh weight (FW) of leaves was taken immediately after detached from the plants, incubated in water for 24 hours and then turgid weight (TW) was measured. Dry weight (DW) was measured after the leaf was dried in an oven at 60 °C for 24 h. The relative water content (RWC) was measured using the following formula Chelah et al., 2011) .
RWC (%) = (FW -DW) / (TW -DW) X 100. Internal CO 2 (µmol/mol) were measured using a portable gas exchange fluorescence system (CI-340 Handheld Photosynthesis System) according to the manual. The 2nd uppermost leaf was used to measure different gas exchange parameters. Leaf temperature was measured using an infrared thermometer (Fluka, USA) between 11:00 am and 1:00 pm. Five replicates were maintained for each treatment.
Measurement of yields and yields parameters
The numbers of tiller and panicle per pot were recorded at maturity. The differences of grain yield among treatments were noted. Filled grains and total grains per panicle were counted after filled grains were separated using a salt solution. WUE was measured using the grain yield divided by the amount of water applied, which was determined by a measurement cylinder . Harvest index was measured as the ratio of grain weight to the dry weight of the total above ground crop .
Statistical analysis
Student's t-test was employed to evaluate the significance of the differences between the mean values. MS Excel software (Microsoft Corporation) was used for the t-test analysis. P values <0.05 were considered statistically significant.
